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1. INTRODUCTION 
 
Powder Metallurgy, as a metalworking process, unites to its undeniable technological interest, 
important savings of material and energy; this has promoted its acceptance in many different 
industrial sectors. Moreover, this arrives when the Society worries about the Ecology and the 
protection of the Environment. This technique does not generate smoke nor chemical contaminants. 
Most of the developed countries are conscious of the necessity to recycle the materials; they are 
exhaustible, more and more expensive resources and of difficult recovery. Nevertheless, metallic 
powders are very frequently manufactured from scraps; moreover, PM components require very 
few, or no, operations of machining (net shape and near-net shape) and, therefore, it generates 
minimum losses of matter. 
 
Nevertheless, Powder Metallurgy presents restrictions; some of them are inevitable, depend on the 
own process and affect mainly the design of the piece; geometric requirements and those 
concerning the toughness limit the possibilities of this technology. Another type of limitations, also 
well stablished, are mostly associated to the compaction stage: friction between particles and tools 
induces a non-uniform density distribution in the compact. The heterogeneous state of stress 
developed produces very frequently cracks in the preform, especially during its ejection from the 
die, and the fracture of the tools.  
 
All these problems have been traditionally solved by means of trial and error methods. However, 
the current development of new and more efficient tools of calculus reduces the cost of the design 
and manufacture processes and contributes to improve the quality of the product. In this respect, the 
main objective of the numerical simulation is to determine the optimal means to produce pieces 
without defects. In Metalworking, the design and the control need a deep knowledge of the 
mechanics of the deformation during the process; the influence of variables such as geometry, 
friction and properties of the materials must be well established to define properly the tools and 
their kinematics, the parameters of the process and to predict and prevent the appearance of defects. 
Computer simulation has become one of the most interesting technique in the modern metalworking 
Industry; however, its success depends mainly on the model applied to represent the behaviour of 
the material. Differently to most of the conventional materials, the mechanical behaviour of these 
aggregates of particles is not yet well known. Not many time ago the sintering stage of the PM 
technique seemed to be the one responsible for all the properties of the final component. Recently, a 
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part of the interest has been centred on the compaction and metallic powders are already treated as 
granular materials. Nevertheless there is no a generally accepted theoretical body to explain the 
mechanical behaviour of the particles during their cold compaction; there is no a general agreement 
about the plastic model and the elasticity has been practically ignored. 
 
In this paper the authors pretend to present the different type of models currently envisaged in this 
field and giving information at different levels; all of them are useful to understand the behaviour of 
these materials. 
 
Consolidation of a metallic powder begins by filling and transferring the powder into the 
compaction die. This stage, currently under study, is characterised by the density distribution of the 
mass of loose powder and depends not only on the nature of the particles but, also, on the methods 
of filling and transference into the die. Several models, based on different theories, are being 
published [1,2,3]. After filling the mould, the powder is compressed to produce a metallic 
aggregate. This procedure has been qualitatively described by Seeling and Wulf [4] who defined 
three stages during the compression. In the first one, corresponding to the lowest level of applied 
pressure, particles rearrange. The second part involves elastic and plastic deformation of particles 
throughout their contact areas. These two phenomena, sliding and deformation, can occur 
concurrently from the beginning of the compression, as stated Fishmeister, Arzt and Olsson [5]. 
Moreover, metallic particles strain harden; two types of hardening act: that corresponding to 
particles and the geometrical one, due to the progressive increase of the contact areas between these 
particles. Therefore, in the last stage, for high stresses, the only mechanism governing the 
densification is the  elastic deformation. 
The powder compact is, therefore, a 
packing of deformed particles, 
which are able to move with regard 
to each other; it exhibits the main 
features characterising a granular 
material: interparticle porosity and 
sliding of these particles throughout 
their contacts. A remarkable feature 
is its dilatation under uniaxial 
compression, which has been shown 
for geological materials [6] and, 
more recently, for green powder 
compacts [7, 8]. Figure 1 presents the results corresponding to a simple compression test applied on 
a green ferrous compact. During the test, the evolution of the components of the strain define three 
parts: at the beginning of the compression (I), the curves show an initial foot corresponding to a 
transitory plastic behaviour which can be related to some internal friction phenomena. With further 
deformation, the stress grows quickly with strain (II), which has an important elastic component. 
And a final stage (III) where a saturation stress, σmax, is reached. The specimen fails during this last 
region. Nevertheless, before the failure and just at the beginning of this third stage, the compact 
starts its dilatation (at σSD
 
); the aggregate expands, instead of densifying as a porous material (a 
sintered compact, for instance). 
At the present two main type of models are being used to study and represent the mechanical 
behaviour: Micromechanical models and those based on the Continuum Mechanics. 
  
2. MICROMECANICAL MODELLING 
 
The interest of developing microstructural models is due to the fact that describing the behaviour of 
the material at the microstructural level can lead to a better understanding of the mechanisms acting 
 
 
Fig. 1: Evolution of the components of the strain during an 
uniaxial compression test, after [9]. 
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during the compaction. The information about the physical phenomena of the process may be 
crucial to define a constitutive law. When analysing the compaction process from a micromechanics 
point of view, different approaches can be distinguished. The first one consists on studying the pore 
structure and its evolution during the applied loading path; the alternative analysis is based on a 
particle arrangement.  
 
The first theoretical model, in strict sense, applied to study the compression of metallic particles 
was defined by Torre [10]. He assumed that the pores in the green compact could be represented by 
a single large pore in the centre of a hollow rigid, perfectly plastic sphere. By applying the Tresca' 
yielding criterion he calculated the pore volume as a function of the hydrostatic pressure applied. 
Heckel [11], Bockstiegel [12], Klar, Hewitt, Wallace and de Malherbe [13] have also investigated  
this process and defined revisions to the Torre' s model. Green [14] and Garson [15] applied the 
theory of Plasticity to a model also based on the change in the pore structure. 
 
Sundström and Fischmeister [16] emphasised on the difficulty to extend the one-pore model to a 
system multi-pore and studied the compression of a concave 
pore defined by four particles; they solved the behaviour of this 
unit by means of the finite element method (Fig. 2). This model 
shows good agreement with experimental results at high 
densities of the compact although it incorporates the geometrical 
hardening of the system. 
 
Further progress regarding detailed mechanisms is mainly based 
on the evolution of arrays of particles in contact. After the first 
works, involving only two spheres (Morrison and Richmond 
[17], Kakar and Chaklader [18], ...), the more interesting ones 
suppose regular or random arrangement of monosized particles 
submitted to different states of stress. The assumption of 
regularly packed particles simplifies the analysis. In practical 
situations, however, the random arrangement is most likely to 
occur, as demonstrated Scott [19] and Mason [20]. Fischmeister, 
Artz and Olsson [21] stated that the relative movement among 
particles is limited to an initial stage of the densification process; 
as the applied pressure increases, ductile particles deform and 
work hardens; the contacts between them vary, in intensity 
and in number. These authors found experimentally that the 
average number of contacts (coordination number) per 
particle increased almost linearly with the compaction 
pressure.  
 
Artz [22] suggested the use of an average Voronoi cell. As 
depicted in Fig. 3, it consists on a polyhedron containing one 
powder particle where the number of faces of adjacent cells is 
determined by the number of nearest neighbours for the 
particle in question. During the compaction, the particles grow 
in an imaginary way around fixed centres with constant 
volume of the preform retained. Artz characterise the shape of 
this cell and its evolution by means of the Radial density 
function (RDF) given by Scott [19] and Mason [20]. He derived relationships between the shape of 
the contacts and the density of the aggregate. However this study is valid only for perfectly plastic 
materials. A posteriori, Fischmeister and Artz [23] incorporated the effect of the strain and the 
geometrical hardening. An scheme of this model is shown in Fig. 4. 
 
Fig. 2: Bidimensional model 
studied by Sundström and 
Fischmeister [16]. Change in 
the pore structure for different 
level of porosity: A=13.7%, 
B=7.3%, C=1.6%. 
 
Fig. 3: Bidemensional scheme of 
the Voronoi cell, after [21]. 
  
Other researches adopted this type of treatment. 
Among them, the work done by Helle, Easterling 
and Ashby [24] should be mentioned. They 
defined a macroscopic yielding function 
throughout a simpler mathematical treatment, 
valid for purely hydrostatic states of stress. 
McMeeking [25], Xu and McMeeking [26] and 
Fleck, Kuhn and McMeeking [27] found a more 
general function which also take into account 
shear stresses. Fig. 5 represents the model 
analysed by these authors and a detail of the 
stresses in the contact  between two spherical 
particles. 
 
Ogbonna and Fleck [28], stated that the yielding behaviour of a particle aggregate depends not only 
on its density, but also on the applied loading path. Fig. 6 shows the yield loci corresponding to two 
different states described by these authors.  
This field continues giving very interesting information about the compaction of arrangement of 
particles. As Molerus stated in a very interesting paper about cohesive powders, "From the 
practical as well as from the scientific point of view, it should be useful to search for a connection 
between the continuum mechanics aproach and the particles approach, in order to arrive at a 
deeper insight into the behaviour of cohesive powders" [29]. The authors of the present paper 
participate of this idea. 
 
3. CONTINUUM MODELLING 
 
Cold compaction of metallic powders has been studied from a more theoretical point of view: the 
consolidation, as a time independent plastic flow process, has been represented by means of groups 
of yield surfaces dependent on the relative density, R, and on the invariants of the stress. The 
yielding of not fully dense  materials is more complicated than that presented by the bulk material; 
in the former case the mechanical behaviour usually involves changes of volume; in this situation 
the yielding phenomenon is determined not only by the deviatoric component of the stress, but, 
also, by the hydrostatic pressure. Therefore, many researches defined models of Plasticity based on 
modifying the von Mises' yielding criterion in order to include the effect of the hydrostatic 
component [30].   
 
 
Fig. 4: Model of Fischmeister and Artz: a) the 
particles grow around fixed centres; b) part of 
the material is extruded  to the voids; c) the 
value of the RDF determines the current 
number of coordination. After [23]. 
 
Fig. 5: Macroscopic element corresponding to 
the model by Fleck, Kuhn and McMeeking and 
detail of the contact between particles. [27]. 
 
Fig. 6: Yield loci obtained by means of isostatic 
compression and die compression. [28]. 
Most of these yield models generate elliptical yield surfaces which predict the same behaviour in 
tension and in compression (Fig. 7).  
The models proposed by Green [14] and Gurson 
[15] are the most important and well known, 
specially the second one. In general, this type of 
Plasticity laws are useful to model the mechanical 
behaviour of porous metals.   
 
Roscoe and his co-workers [32] showed that a 
group of steel balls submitted to different loading 
paths, behave like a granular material, a 
cohesionless material; then, the type of models 
defined specifically for geological materials can be 
successfully applied to represent the mechanical 
behaviour of aggregates of metallic particles. They 
defined the concept of critical state and, based on 
it, these researches stated the CAM-clay Plasticity, 
developed for clays in the fifties and used recently 
to represent the cold compression of metal and 
ceramic powders. Fig. 8 shows the yield surfaces in 
the space of the hydrostatic and deviatoric stresses 
corresponding to the modified CAM-clay model. 
 
These models are substantially different from the 
quadratic, symmetric yield surfaces previously 
defined: they take into account the limited cohesion 
between particles; hence, the tensile strength of 
these materials is much lower than their strength in 
states of compression. Among this group of 
Plasticity models, the Drucker-Prager/CAP one is 
currently the most frequently used to represent the 
mechanics in the powder compaction process. It 
seems to be appropriate, especially in the 
consolidation region. Nevertheless, the authors of 
the present paper have some doubts about its 
effectiveness in representing its performance in 
states of failure.  
 
Drucker and Prager [34] proposed a failure criterion 
that consists of a straight line, the failure line, the failure surface (Fig. 9), in the space of the first 
and second invariants of the stress and deviatoric stress tensors, J1 and J2D
 
, respectively. But they 
realized that most of the materials that they were studying showed plastic strain from the first stages 
of the loading process; therefore, during the loading path, L-L' in Fig.9, the material is yielding 
constinuously up to the failure, or ultimate state, which can be considered as the last yield surface; 
moreover, during the successive yielding the material hardens. This behaviour can be represented 
by means of a series of yield surfaces, the hardening caps, previous to the failure. This idea was first 
proposed by Drucker, Gibson and Henkel [35] and represented as it is shown in Fig. 10. For 
simplicity these authors supposed that the caps were of circular shape, but it depends on the 
material and it can be experimentally determined. The CAP model [36] initially used to simulated 
the plastic behaviour of geological materials, has also been shown as very adequated in the case of 
metal powder compaction. 
 
Fig. 7: Yield surfaces calculated using the 
following equation: AJ2D + BJ12=YR2=ηYo2  
(A, B and η are parameters dependent on the 
density of the material; J2D and J1 are the 
second invariant of the deviatoric stress and 
the first invariant of the stress tensor, 
respectively; YR and Yo are the yield stress of 
the material with a relative density of R and 
the yield stress of bulk material, respetively. 
After Lee and Kim [31]. 
 
Fig. 8: Modified CAM-clay Plasticity 
model. [33]. 
The original model uses two yield surface segments: a 
pressure dependent Drucker-Prager shear failure surface and 
a compression cap yield surface. The failure surface is 
perfectly plastic in the sense that no mechanical strain 
hardening occurs, but plastic flow on this surface produces 
inelastic volume increase; in other words, for states of stress 
on this surface the sample dilates under constant applied 
stress. The equation describing this failure surface is the 
following: 
 
                                 f1
 
= q-p tanβ -d = 0          (1) 
q and p are the deviatoric and the hydrostatic stresses, 
respectively; β, is the angle of friction, and d, the cohesion 
of the material. The shape of this surface in the p-q plane 
is, then, a straight line 
 
The cap yield surface has an elliptical shape in the p-q 
plane and hardens (expands) or softens (contracts) as a 
function of the volumetric plastic strain: volumetric plastic 
compaction (yielding on the cap) causes hardening, while 
volumetric plastic dilatation (yielding on the shear failure 
surface) causes softening. The equation describing the cap 
yield surface is: 
 
             f2= [(p-pa)2 + (Rq)2]1/2 - R(d+ pa
 
 tan β )       (2) 
po is an evolution parameter related to the hydrostatic compression yield stress, pb
 
, which 
represents the volumetric hardening or softening, and R is a material parameter that controls the 
shape of the cap. All these features are shown in Fig. 11. 
Nevertheless, the results presented in Fig. 1 suggest that a certain number of modifications should 
be introduced in this latter model in order to represent the plastic behaviour of metal powder. The 
successive states of stress existing in a compact during 
an uniaxial compression test are represented in the p-q 
space by means of a straight line of slope 3 and passing 
through the origin. The fact that during the compression 
the sample dilates means that the compression loading 
path cuts the Drucker-Prager line when the increase in 
volume begins; but, opposed to the behaviour of 
geological materials, dilatation only continues under 
progressively greater applied stresses. Therefore, the 
Drucker-Prager line changes during this dilatation 
stage. This is reflected in equation (1) by a decrease of 
the material cohesion, d, and an increase in the friction 
angle, β. The dilatation of the sample takes place, as it 
has been already stated, through an increase in the 
distance between the centres of neighbouring particles; this gives rise to a higher volume fraction of 
porosity and a lower material cohesion. The hardening of the surfaces of contact between particles 
increases the internal friction in the sample and, consequently, the friction angle. The uniaxial 
compression test dos not give direct information about the evolution of the cap yield surface during 
this type of plastic deformation, but the  fact that particles have hardened should produce an 
 
Fig. 9: Drucker-Prager criterion. 
dεpij is an increment of the plastic 
strain and d and β are parameters of 
the material. The line L-L' 
corresponds to a loading path. After 
[33]. 
 
 
Fig. 10: Mechanical behaviour of 
strain hardening granular materials, 
after [33]. 
 
Fig. 11: Yield surfaces for the Drucker-
Prager/CAP model in the space of 
hydrostatic, p,-deviatoric, q, stresses, 
with a transition region. After [37]. 
expansion of the cap surface. In order to check the correctness of this latter suggestion triaxial 
compression tests on previously uniaxially compressed 
samples should be performed. Fig. 12  shows the expected 
yield surfaces of a sample before and after an uniaxial 
compression test, stopped before failure. Hence, the new 
yield surface has expanded, except in the vicinity of the 
tensile p axis, in spite of the fact that the density of the 
sample has decreased; this is an important difference with 
respect to the case of geological materials. This particular 
behaviour is the consequence of the mechanical hardening 
capacity of the metal powder particles. In order to reflect 
the observed behaviour of metal powder compacts, the 
parameters pa and β in previous equations (1) and (2) 
should be adequately modified. In geological materials, 
due to the ceramic nature of their particles, hardening is 
the result only of volume decrease; in metal powders, the 
plastic deformation of the particles has to be considered as 
a new mechanism of sample hardening. Hence, the 
parameters pa
              
 and β should be dependent not only on 
sample density but, also, on particle hardening. 
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